A six-stage birefringent filter placed in an external cavity of an AlGaAs diode laser is used to scan the laser electronically over 10.3 nm, hopping single modes of the external cavity. Continuous electronic tuning of the single mode over the free spectral range of the external cavity, 182 MHz, is also demonstrated by using a variable-phase plate. All tuning mechanisms use nematic liquid-crystal electro-optic effects operating at <2 V. This Letter demonstrated an external-cavity diode laser that has single-longitudinal-mode tuning over an extended range by hopping modes and continuous tuning over one free spectral range (FSR) of the external cavity. Nematic liquid-crystal cells are used to attain both tuning functions with <2 V and with a power consumption of a few picowatts.
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Each of these applications benefits from a wide tuning range and a narrow spectral linewidth. Though integrated tunable diode lasers have been demonstrated, 5 ' 6 these techiques do not appear to be easily extended to both high spectral resolution, i.e., narrow linewidth, and tuning over the full available gain spectrum. 7 Although external-cavity techniques have their obvious drawbacks in laser size, alignment, and mechanical stability, they have proved to be flexible in attaining wide tuning ranges and narrow linewidths. The external grating cavity can allow single-mode tuning over the entire gain spectrum of the diode laser, 8 ' 9 continuous scanning of a single mode over a wide wavelength range,10"' and narrow-linewidth operation.1 2 Acousto-optic tunable filters in an externalcavity diode laser have also been demonstrated to have a wide tuning range and to permit multiple-frequency operation.' 3 Electro-optic tuning with birefringent filters' 4 has allowed rapid wavelength tuning and single-mode operation.l 5 When the tuning element in the birefringent filter is a liquid crystal,16"1 7 low-voltage operation and low power consumption have been demonstrated.' 8 This Letter demonstrated an external-cavity diode laser that has single-longitudinal-mode tuning over an extended range by hopping modes and continuous tuning over one free spectral range (FSR) of the external cavity. Nematic liquid-crystal cells are used to attain both tuning functions with <2 V and with a power consumption of a few picowatts.
The laser schematic is shown in Fig. 1 . The diode laser, a Hitachi HLP-7801E, was placed at one end of an external cavity consisting of a 40X microscope objective (OBJ) to collimate the diode laser output and a partially transmitting mirror having reflectivity of 90%. An intracavity six-stage birefringent filter was used for wavelength scanning, and a linear phase plate was used for fine tuning the cavity resonance frequency. The laser gain at any wavelength is the product of the intrinsic gain of the semiconductor and the intracavity losses. By placing the wavelength-dependent loss of the birefringent filter in the laser external cavity, the maximum net gain, and consequently the laser wavelength, is the transmission maximum of the filter. The variable-phase plate permits fine wavelength tuning by changing the effective optical path length, which in turn changes the resonance frequency of the external-cavity Fabry-Perot modes. Each stage of the birefringent filter (see the inset in Fig. 1 ) consisted of a fixed-birefringence LiNbO 3 crystal, a variable birefringent plate, and a thin-film polarizing cube. The polarizer transmission for each filter stage was parallel to the TE polarization of the diode laser. The LiNbO 3 crystals were oriented with the optical axis perpendicular to the laser axis and 450 to the TE polarization direction. The thinnest LiNbO 3 crystal was 0.6 mm, with the crystal thickness for each stage doubling, the thickest crystal being 19.2 mm in length. All air interfaces in the filter were antireflection coated, which yielded a measured peak transmission of 0. crystal cells of the same design.1 8 The cells had a nominal spacing of 6.5 Am and contained the nematic liquid crystal E44 (EM Chemicals). The surface alignment for the liquid crystal was antiparallel. This resulted in a refractive index that varied with the voltage for light polarized parallel to the alignment direction and a voltage-independent refractive index for light polarized perpendicular to the alignment direction. In each filter stage the alignment direction of the liquid-crystal cell was oriented at 450 to the transmission axis of the polarizers, resulting in a voltagedependent birefringence. For the variable-phase plate, the alignment direction was parallel to the polarizer transmission axis, resulting in a voltage-dependent refractive index. Much research has been done on the theory of birefringent filters' 9 and optimization of such filters for various applications. 2 0 For this research the author chose to use a Lyot filter, 2 0 the simplest and most flexible of the filter designs, which has the incident light polarization and analyzing polarizer transmission axis parallel and the optical axis of the birefringent crystal at 450 to the incident polarization and 90°t o the light propagation direction. The transmission T through such a filter is given by 2 ' I E nidiA
where di is the crystal length, An; is the difference in refractive indices for the two principal dielectric axes for the ith crystal (i.e., LiNbO 3 The calculated six-stage filter transmission function for the crystal lengths used experimentally, i.e., lo = 0.6 mm and An = 0.0792, has a FSR of 12.8 nm, and the transmission FWHM is 0.17 nm. The tuning characteristics of the laser can be con- The laser spectrum observed through a spectrometer with 0.02-nm resolution is shown in Fig. 2 for three settings for the birefringent filter. The observed tuning range was 0.7780-0.7883 am. Side-mode intensities were typically <-30 dB over the entire range. The limitation in the tuning range is due to the limited width of the gain spectrum rather than two-mode operation at different orders of the filter transmission. The 10.3-nm tuning range was obtained at an operating current of 61 mA, 1.06 times threshold for the isolated diode laser. Analysis of the spectrum through a scanning Fabry-Perot interferometer with a FSR of 15 GHz shows that the laser is actually operating in a single longitudinal mode of the external cavity. By changing the voltage to the two smallest FSR stages of the birefringent filter, one could select 1 of 60 longitudinal modes spaced 182 MHz apart near each diode-laser longitudinal-mode center. That gives a scan range of 10 GHz with the diode longitudinal modes spaced by 122 GHz. Changes in the diode current or temperature to shift the longitudinal mode centers permitted coverage of the intervening space. Figure 3 shows the single-longitudinal-mode spectrum for several modes spread within a single diode longitudinal-mode group. The laser typically operated single longitudinal mode, though with reduced stability, even when the narrowest FSR filter was removed. Continuous variation in the center frequency of the longitudinal mode by varying the voltage to the linear phase retardation plate is shown in Fig. 4 . Without a change in the voltages to the birefringent filter, the continuous tuning range without a mode hop was just less than one FSR of the external cavity, 182 MHz, and required a change in the voltage to the linear phase plate from 1.42 to 1.55 V. The apparent laser linewidth is interferometer resolution limited at 36 MHz; however, it is expected that the actual linewidth is much narrower.
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An external-cavity tunable diode laser that permits piecewise continuous tuning over 5000 GHz has been described. A particularly unique aspect of this research is the use of liquid-crystal cells to actuate low voltage, low power consumption, and nonmechanical means to scan the laser wavelength. Three tuning mechanisms are needed to address this entire optical frequency space: birefringent filter tuning of the external-cavity modes, intracavity phase plate continuous tuning, and thermal or current tuning of the position of the diode modes. The continuous scan range demonstrated is 180 MHz, though continuous tuning over several tens of gigahertz could be anticipated by implementing a shorter external cavity, tracking of the mode with the birefringent filter, and multiple waves of phase retardation in the linear phase plate. A multistage birefringent filter can allow tuning over wide wavelength scanning ranges by the addition of filter stages. Addition of three filter stages to the present design would permit tuning over 100 nm with high contrast, provided that the gain spectrum has such width. 8 ' 9 Because of the less than unit transmission of the filter, optimized designs might use nonintegral order combinations of filters to reduce the number of stages needed.' 8 Antireflection coating of the intracavity diode facet will broaden the mode-hop tuning range for each longitudinal mode group but will probably require modifications to the high-resolution filter stages to maintain single-mode scannability. The scan rates might be accelerated from the 10-Hz range to the 10-MHz range by the use of electroclinic ferroelectric liquid crystals. 2 0 The author thanks E. Faucz for fabrication of the liquid-crystal cells.
